Intercropping of forage grasses and legumes can increase forage productivity and nutritive value; however, intercropping of corn with warm-season forages has not yet been studied in southeast U.S., thus requiring more information. The purpose of this study was to determine the yield and nutritive value potential of warm-season annual forages intercropped with corn (Zea mays L.) for silage production. Crabgrass [Digitaria sanguinalis (L.)] is considered a weed for corn production systems; however, our study shows that if crabgrass is interseeded with corn, it does not compete for resources and can maintain high corn yields. Forage mass for sunn hemp (Crotalaria juncea L.) was higher than that of cowpea [Vigna unguiculata (L.) Walp.] and crabgrass in 2016, due to a drought in spring and summer, giving sunn hemp a competitive advantage. Crude protein content was higher for cowpea as compared to crabgrass and sunn hemp, due to cowpea's ability to maintain its vegetative stage and high N-fixation, when compared to crabgrass and sunn hemp. Despite differences in the mass of the intercropped forages, the total herbage mass of the produced silage did not differ in 2016 and 2017. Intercropped forages can be harvested and ensiled with corn for silage production or can be left with the corn residue after harvesting to be grazed on in integrated crop-livestock systems.
Introduction
Intercropping is a system where two or more species are grown on the same land at the same time. One of the benefits of intercropping is improved land use efficiency [1] . Intercropping of grass with legumes is reported to increase forage productivity [2] and nutritive value [3] ; however, intercropping of annual cash crops (such as corn) with warm-season forages in southeast U.S. has not yet been studied.
Forage crops have been identified as important components of diversified intercropping systems, reducing irrigation water use [4] , improving soil erosion protection [5] , decreasing nutrient losses through leaching and runoff [6] , increasing C sequestration [7] , increasing weed suppression [8] , and providing critical habitat for wildlife [9] . When forage crops are used within intercropping systems, the producers gain long-term environmental and soil quality benefits, while potentially achieving short-term economic value within their operations [10] .
In South America, the most common intercropping system is corn with palisadegrass [Brachiaria brizantha (Hochst. Ex A. Rich.) Stapf] [11] , due to a large number of cultivars in different ecological regions growing corn, and because of the excellent adaptation of corn plants in intercropping systems [12] . In the early stages of development, palisadegrass shows slow growth, and corn with its higher rate of dry matter accumulation provides excellent characteristics for intercropping with smaller species [12] . Therefore, in most cases, the intercropping of palisadegrass with corn does not reduce corn yields [13] . However, in the Unites States, most intercropping systems are composed of grain species with legumes [1, 6, 8, 14] . The purpose of this study was to investigate the potential of three different forage crop species intercropped with corn for silage production and determine the effect on yield and nutritive value of both crops. The hypothesis was that intercropping of forage grass or legumes with corn would not negatively impact corn silage production, would increase sustainability of the system, and provide additional forage to be later harvested or grazed upon.
Material and Methods

Site Description and Experimental Design
This study was conducted at the Middle Tennessee AgResearch and Education Center (MTREC) in Spring Hill, TN. The soil type in the study location is Maury silt loam, which is a Typic Paleudalf. Initial soil samples were collected in January 2016 at a depth of 15 cm and sent to the laboratory at University of Tennessee Soil, Plant and Pest Center for analysis [15] ; no micronutrient deficiencies were found across the site. Mean soil pH was 6.7. Based on Mehlich 1 soil extractions, mean phosphorus was 198 kg ha −1 , potassium was 120 kg ha −1 , calcium was 2519 kg ha −1 , and magnesium was 205 kg ha −1 .
The experimental periods were June to September 2016, and May to September 2017. The experimental design was a completely randomized block with four treatments and three replications per treatment (n = 12). The treatment plans were as follows: (1) corn grown for silage as a monoculture (C); (2) corn grown for silage intercropped with cowpea (CCW); (3) corn grown for silage intercropped with crabgrass (CCR); and (4) corn grown for silage intercropped with sunn hemp (CS). Individual plots measured 4.6 m × 12.2 m. In 2015, the year prior to the experimental period, soybeans were grown in the field. In the period between growing seasons, the field was fallow.
On 2 June 2016, corn, cv. Cropland DS93RR2 hybrid was sown at a 3-cm depth at a density of 83,980 seeds ha −1 . On that same date, in intercropping treatments, cowpea cv. Iron & Clay was sown at 56 kg ha −1 ; sunn hemp was sown at 45 kg ha −1 ; and crabgrass cv. Mojo was sown at 6.7 kg ha −1 . Cowpea, sunn hemp and crabgrass were planted using a Hege 1000 series plot drill (Hege Company, Waldernburg, Germany, F.R.) and corn was planted using a John Deere 7100 four row plot planter. Cowpea and sunn hemp were treated with N-Dure seed inoculant as per label instructions immediately prior to planting. Corn was sown on 76-cm row spacing, and all other intercropped forages were planted on 18-cm row spacing. On 9 May 2017, corn and intercropping systems were planted following the same guidelines described above, including the use of the same cultivars and seed inoculant.
On 27 May 2016 and 16 May 2017, all plots received a broadcast fertilizer application consisting of 89.7 kg ha −1 of N applied as ammonium nitrate; 78 kg ha −1 applied as super phosphate; and 156 kg ha −1 of K applied as potash. On 27 May 2016 and 8 May 2017, Gramoxone ® Paraquat herbicide was applied to all plots to control weeds, thus acting as a desiccant/defoliant herbicide.
Measurements
To characterize the mass and nutritive value of the intercropped forage crops, all plots with the exception of C treatment were sampled once a month after establishment, with sampling dates occurring on 22 July, 15 August and 8 September in 2016; and 21 July, 22 August and 12 September in 2017. The samples were randomly collected from a 0.1 m 2 area at a 5-cm stubble height, dried at 60 • C to a constant weight (~72 h), and dry weights were recorded to determine forage mass. The samples were ground to pass through a 1-mm sieve with a Wiley Mill Grinder (Thomas Scientific, Swedesboro, NJ, USA) in preparation for near-infrared spectroscopy (NIRS) analysis. Three forage nutritive value parameters-crude protein (CP), neutral detergent fiber (NDF) and in vitro true dry matter digestibility (IVTDMD)-were predicted using a Unity SpectraStar XT near infrared spectroscopy (NIR) instrument (Unity Scientific, Milford, MA, USA).
Equations for the forage nutritive analyses were standardized and checked for accuracy with the 2014 Grass Hay Equation, developed by the NIRS Forage and Feed Consortium (NIRSC, Hillsboro, WI, USA). The software used for NIRS analysis was Win ISI II supplied by Infrasoft International (State College, PA, USA). The Global H statistical test was used to compare the samples against the model and samples from distinct data sets within the database for accurate results; all forage samples fit the equation (H < 3.0), and are reported accordingly [16] .
In addition, corn plant population, height of main ear insertion, and corn plant height were evaluated monthly, on the same dates described above. Plant population was determined by counting the number of plants in the two central rows of each plot, and the corn plant height and height of main ear insertion was determined from 10 plants per plot chosen at random.
Silage Composition
On 8 September 2016 and 12 September 2017, the two center rows from all plots were harvested using a John Deere corn silage chopper combined with a weigh wagon (Henkie Buffalo TMR mixer) to determine total silage herbage mass. Green weight was determined for the total harvested silage, and then a sub-sample was collected and dried at 60 • C to a constant weight (~72 h) to determine total silage herbage mass on a dry matter basis. Both corn and intercropped forages were harvested together for silage composition.
From the chopped harvested material, a well-mixed sub-sample of approximately 2000 g was then packed into small silos (20-L cylinders with lids). Each silo was topped with a heavy rod to assure appropriate compaction. The silos were then tightened and placed in a dark room at 30 • C for 35 days, after which they were opened and a sub-sample immediately collected and dried at 60 • C to a constant weight (~72 h). The samples were then ground to pass through a 1-mm sieve with a Wiley Mill Grinder (Thomas Scientific, Swedesboro, NJ, USA) in preparation for near-infrared spectroscopy (NIRS) analysis. Three forage nutritive value parameters-crude protein (CP), neutral detergent fiber (NDF) and in vitro true dry matter digestibility (IVTDMD)-were predicted as described above.
Statistical Analysis
Differences between the least square means by treatment for corn agronomic characteristics, nutritive value variables, intercropped forage mass, and silage herbage mass, and nutritive value variables were evaluated using PROC MIXED procedures, adjusted for Tukey's method for least square means separation, of SAS (SAS for Windows V 9.4, SAS Institute, Cary, NC, USA). Response variables (plant population, ear height, plant height, forage mass, CP, NDF, IVTDMD) were considered dependent; year, month and treatment were considered fixed effects; and replicates were considered random effect. There were significant year × treatment interactions (p < 0.0001) for all dependent variables. Therefore, the results of each experiment are displayed separately by year for all variables.
Results and Discussion
Weather
During the growing season in 2016 (April through September), rainfall averaged 88.9 mm, which was 21% below the 30-year average ( Figure 1 ). These values were especially lower during early spring in April and May 2016, with an average of 45.7 mm. In 2017, rainfall during the same period (April through September) averaged 145.6 mm, which was 30% above the 30-year average ( Figure 1 ). The mean air temperature during the growing season in 2016 was 4% higher than the 30-year average, and 6% higher in 2017 ( Figure 1 ). 
Corn Characteristics
Overall during both years, plant populations were lower than usual for U.S. corn silage production. Corn planting in Middle Tennessee is recommended between 1 April and 1 May. However, in order to simultaneously interseed warm-season forages in these plots, planting was delayed, which reduced plant populations.
In 2016, plant population was lower for CS in all months (average of 54,000 plants ha −1 ). Sunn hemp has a high drought tolerance and can grow in a wide range of soil types and environments. Due to abnormal drought conditions that occurred in April-May, July and September (Figure 1) , sunn hemp appears to have a competitive advantage when intercropped with corn, therefore showing a lower corn plant population. In 2017, it only differed in September, with C having the lowest corn plant population (45,000 plants ha −1 ) ( Table 1 ). The CCW and CCR treatments had consistently higher plant population in both years. Crabgrass is considered a problematic weed for most grain and corn silage production systems. However, our study shows that if crabgrass is purposely interseeded simultaneously with corn while being well managed, it does not compete for resources, maintaining high corn production. Similar results were observed by the author of [17] , where corn plant populations, in corn interseeded with palisadegrass and corn alone, did not differ. The authors added that grass population should be kept low to avoid later competition between the two species. Intercropping of legumes with corn has been investigated as an alternative to enhance sustainability and overall nutritive value [14] . Cowpea has an aggressive growing habit and excellent N-fixing capabilities, making it an attractive choice for intercropping systems [18] , and our results are in agreement.
Regarding ear height, in 2016, CS had the lowest values, but treatments did not differ in 2017 (Table 1) . Again, for corn plant height, in 2016, CS again showed the lowest values from July to September, and all treatments were similar in 2017 ( Table 1 ). The drought conditions explained 
In 2016, plant population was lower for CS in all months (average of 54,000 plants ha −1 ). Sunn hemp has a high drought tolerance and can grow in a wide range of soil types and environments. Due to abnormal drought conditions that occurred in April-May, July and September (Figure 1) , sunn hemp appears to have a competitive advantage when intercropped with corn, therefore showing a lower corn plant population. In 2017, it only differed in September, with C having the lowest corn plant population (45,000 plants ha −1 ) ( Table 1 ). The CCW and CCR treatments had consistently higher plant population in both years. Crabgrass is considered a problematic weed for most grain and corn silage production systems. However, our study shows that if crabgrass is purposely interseeded simultaneously with corn while being well managed, it does not compete for resources, maintaining high corn production. Similar results were observed by the author of [17] , where corn plant populations, in corn interseeded with palisadegrass and corn alone, did not differ. The authors added that grass population should be kept low to avoid later competition between the two species. Intercropping of legumes with corn has been investigated as an alternative to enhance sustainability and overall nutritive value [14] . Cowpea has an aggressive growing habit and excellent N-fixing capabilities, making it an attractive choice for intercropping systems [18] , and our results are in agreement. Means within a column for each month without a common superscript differs (p < 0.05).
Regarding ear height, in 2016, CS had the lowest values, but treatments did not differ in 2017 (Table 1) . Again, for corn plant height, in 2016, CS again showed the lowest values from July to September, and all treatments were similar in 2017 ( Table 1 ). The drought conditions explained above, combined with sunn hemp's ability to tolerate drought, not only reduced corn plant population, but also reduced ear height and corn plant height. However, in 2017, average and above average precipitation (Figure 1 ) reduced sunn hemp competitiveness, which was then reflected in the lack of differences for corn production as compared to CCW and CCR (Table 1) . Similarly, sunn hemp produced high corn grain yield, serving as an alternative to winter legumes as a cover crop for conservation tillage corn production in southern U.S. [19] .
Forage Mass and Nutritive Value of Intercropped Forages
During all months in 2016, the forage mass of sunn hemp was higher than that of cowpea and crabgrass; in 2017, sunn hemp showed higher forage mass only in July and September (Figure 2) . In 2016, a drought during spring and summer gave sunn hemp an advantage, leading to a higher-than-normal growth rate. However, even though cowpea and crabgrass showed a lower forage mass as compared to sunn hemp (Figure 2) , there was enough forage to be grazed on during fall, when incorporated with integrated crop-livestock systems. For the course of the growing season, crabgrass had an average forage mass of 1860 kg ha −1 and 3683 kg ha −1 for 2016 and 2017, respectively. These results are in agreement with past research showing that crabgrass grown as a monoculture has average forage mass between 1500 and 3000 kg ha −1 in July [20] . A study looking at total crabgrass yield during the season (as impacted by nitrogen fertilization) showed that when crabgrass is produced without N fertilizer, it yields an average of 4150 kg ha −1 [21] . During July and August of both years, CP content was higher for cowpea as compared to crabgrass and sunn hemp ( Table 2) . This is expected, since cowpea is a warm-season legume with the ability of N-fixation, therefore higher CP content is produced when compared to a warm-season grass such as crabgrass. Cowpea is a good alternative for intercropping systems without the need for N-fertilization. Sunn hemp is considered a tropical legume with high and rapid accumulation of Cowpea had an average forage mass of 2446 kg ha −1 and 4350 kg ha −1 in 2016 and 2017, respectively. Cowpea intercropped with grain sorghum production systems have shown average cowpea forage mass of 5300 kg ha −1 [18] , results that are in agreement with our current study. Sunn hemp, when produced as a monoculture, has an average forage mass of up to 25,000 kg ha −1 [22] . In our study, average forage mass of sunn hemp was 6253 kg ha −1 and 8753 kg ha −1 in 2016 and 2017, respectively. A study investigating sunn hemp as a cover crop for corn production reported that sunn hemp averaged 7600 kg ha −1 , which is similar to our results [19] . Overall, intercropping systems did not reduce corn productivity or intercropped forage mass. Similarly, intercropping yields of corn and palisadegrass were not affected, resulting in high amounts of residue and improvement in nutrient cycling [23] . Corn has a higher rate of accumulation in the early stages of development due to its high capacity for light interception [24] , therefore it is less affected by competition with annual grasses and legumes.
During July and August of both years, CP content was higher for cowpea as compared to crabgrass and sunn hemp ( Table 2) . This is expected, since cowpea is a warm-season legume with the ability of N-fixation, therefore higher CP content is produced when compared to a warm-season grass such as crabgrass. Cowpea is a good alternative for intercropping systems without the need for N-fertilization. Sunn hemp is considered a tropical legume with high and rapid accumulation of mass during summer months with elevated temperature. The rapid mass accumulation increases its stem elongation and with advanced maturity, forage nutritive value decreases. In July of 2017, CP content did not differ among these three forages, and that is because shortly after establishment, all plants had a high percentage of immature leaves, which resulted in higher CP concentration. Means within a column for each month without a common superscript differs (p < 0.05).
As for NDF concentration, cowpea has shown lower values overall, especially at the end of the growing season in September, when sunn hemp and crabgrass reached its maturity (Table 2) , reducing its leaf: stem ratio. In contrary, crabgrass had, for most of the growing season, consistent higher NDF concentration. Similarly, IVTDMD followed the same trend, with cowpea having the highest digestibility in both years and crabgrass having the lowest (Table 2) . Sunn hemp showed intermediate values; in the beginning of the growing season, it showed similar NDF and IVTDMD values as that of cowpea, but those were reduced with its rapid accumulation of forage mass.
Harvested Herbage Mass for Silage Production and Silage In Vitro Dry Matter Digestibility
Despite differences in forage mass of the intercropped forages, the total herbage mass of the silage of corn and corn, intercropped with forages, did not differ in both years ( Figure 3) . A study on the production responses of corn grown for silage, intercropped with tropical forage grasses, has shown a similar forage mass of silage averaging 14-ton ha −1 [25] . In 2016, total silage herbage mass was lower than 2017 for all treatments, due to the drought that occurred during the spring and late summer of 2016. Forage crops are more competitive and have greater shade adaptability, thus accumulating sufficient forage mass in intercropping systems [25] . Yields of corn and lablab bean [Lablab purpureus (L.) Sweet] mixtures produced for silage is highly determined by corn density, and the addition of legumes does not increase the dry matter yield of monoculture corn [26] .
[Lablab purpureus (L.) Sweet] mixtures produced for silage is highly determined by corn density, and the addition of legumes does not increase the dry matter yield of monoculture corn [26] . In vitro dry matter digestibility was analyzed for silage of corn and corn intercropped with forages in 2016 and 2017, in order to estimate average nutritive value of the silage. Silage composed of CCW and C had the highest IVTDMD values (701 g kg −1 and 627 g kg −1 respectively) during 2016; however, C did not differ from CS and CCR, which had the lowest values (583 g kg −1 and 549 g kg −1 respectively) (Figure 4) . In 2017, similar IVTDMD results occurred, with C and CCW showing higher digestibility (584 g kg −1 and 544 g kg −1 respectively); however, CCW did not differ from CS and CCR (Figure 4 ). In addition, values from 2017 are lower than those from 2016, probably due to the earlier planting date in 2017, which increases the overall maturity of corn and forage crops during silage harvesting. Our results are in agreement with a similar study on forage nutritive value of corn silage grown alone or mixed with lablab beans, in which IVTDMD did not differ, similar to our corn and cowpea mixture [27] . Another study conducted by the same authors ensiling corn with the addition of cowpea showed no differences in IVTDMD; however, their values were slightly higher, ranging from 875 g kg −1 when corn was ensiled alone, versus 850 g kg −1 with 50% of cowpea proportion in the silage [14] . The discrepancy in values could be due to corn being grown as a monoculture in the field, and having cowpea added to the silage only during the ensiling process, versus our study where cowpea and corn were grown simultaneously intercropped in the field. Overall, in years of average and above-average precipitation, intercropping of corn with crabgrass can maintain silage production (Figure 3 ), but with lower energy levels. However, intercropping of corn with cowpea will maintain high productivity and energy levels, and enhance silage crude protein (data not shown). In vitro dry matter digestibility was analyzed for silage of corn and corn intercropped with forages in 2016 and 2017, in order to estimate average nutritive value of the silage. Silage composed of CCW and C had the highest IVTDMD values (701 g kg −1 and 627 g kg −1 respectively) during 2016; however, C did not differ from CS and CCR, which had the lowest values (583 g kg −1 and 549 g kg −1 respectively) (Figure 4) . In 2017, similar IVTDMD results occurred, with C and CCW showing higher digestibility (584 g kg −1 and 544 g kg −1 respectively); however, CCW did not differ from CS and CCR (Figure 4 ). In addition, values from 2017 are lower than those from 2016, probably due to the earlier planting date in 2017, which increases the overall maturity of corn and forage crops during silage harvesting. Our results are in agreement with a similar study on forage nutritive value of corn silage grown alone or mixed with lablab beans, in which IVTDMD did not differ, similar to our corn and cowpea mixture [27] . Another study conducted by the same authors ensiling corn with the addition of cowpea showed no differences in IVTDMD; however, their values were slightly higher, ranging from 875 g kg −1 when corn was ensiled alone, versus 850 g kg −1 with 50% of cowpea proportion in the silage [14] . The discrepancy in values could be due to corn being grown as a monoculture in the field, and having cowpea added to the silage only during the ensiling process, versus our study where cowpea and corn were grown simultaneously intercropped in the field. Overall, in years of average and above-average precipitation, intercropping of corn with crabgrass can maintain silage production (Figure 3 ), but with lower energy levels. However, intercropping of corn with cowpea will maintain high productivity and energy levels, and enhance silage crude protein (data not shown). [Lablab purpureus (L.) Sweet] mixtures produced for silage is highly determined by corn density, and the addition of legumes does not increase the dry matter yield of monoculture corn [26] . In vitro dry matter digestibility was analyzed for silage of corn and corn intercropped with forages in 2016 and 2017, in order to estimate average nutritive value of the silage. Silage composed of CCW and C had the highest IVTDMD values (701 g kg −1 and 627 g kg −1 respectively) during 2016; however, C did not differ from CS and CCR, which had the lowest values (583 g kg −1 and 549 g kg −1 respectively) (Figure 4) . In 2017, similar IVTDMD results occurred, with C and CCW showing higher digestibility (584 g kg −1 and 544 g kg −1 respectively); however, CCW did not differ from CS and CCR (Figure 4 ). In addition, values from 2017 are lower than those from 2016, probably due to the earlier planting date in 2017, which increases the overall maturity of corn and forage crops during silage harvesting. Our results are in agreement with a similar study on forage nutritive value of corn silage grown alone or mixed with lablab beans, in which IVTDMD did not differ, similar to our corn and cowpea mixture [27] . Another study conducted by the same authors ensiling corn with the addition of cowpea showed no differences in IVTDMD; however, their values were slightly higher, ranging from 875 g kg −1 when corn was ensiled alone, versus 850 g kg −1 with 50% of cowpea proportion in the silage [14] . The discrepancy in values could be due to corn being grown as a monoculture in the field, and having cowpea added to the silage only during the ensiling process, versus our study where cowpea and corn were grown simultaneously intercropped in the field. Overall, in years of average and above-average precipitation, intercropping of corn with crabgrass can maintain silage production (Figure 3 ), but with lower energy levels. However, intercropping of corn with cowpea will maintain high productivity and energy levels, and enhance silage crude protein (data not shown). 
Conclusions
The intercropping systems studied did not reduce total silage productivity. Corn intercropped with sunn hemp had lowest corn agronomic characteristics following a drought event; therefore, we considered it a risky choice in regions where drought stress is possible. However, if precipitation is average or above average, only differences in plant population are found towards the end of the growing season, with corn grown as a monoculture having the lowest values. Forage production was highest most of the time when intercropping was conducted with sunn hemp, but forage nutritive value was higher in a mixture of corn intercropped with cowpea. Intercropping of cowpea with corn can enhance CP levels, while maintaining forage mass and energy levels. The choice of forage species to be intercropped with corn for silage production is important and from our results we conclude that cowpea might be the best option due to its ability to maintain yield and energy levels, while increasing CP levels. This increase in CP levels are due to cowpea's ability to increase N-fixation of the system, therefore increasing sustainability by reducing fertilization costs. Even crabgrass showed a reduction in energy levels; thus, intercropping of this grass with corn may still be useful when used in integrated crop-livestock systems, in which they can be left behind with corn residue after harvesting to be grazed. Future studies evaluating the economical potential of these systems and determining weed suppression that may occur when intercropping these forages are necessary. 
